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Memory CD8 T Cells Undergo Peripheral Tolerance
by following the fate of HA-specific CD8 T cells fromHuub T.C. Kreuwel, Sandra Aung,
Cheryl Silao, and Linda A. Sherman1 the Clone-4 TCR transgenic line. When adoptively trans-
ferred into InsHA mice, naive CD8 Clone-4 TCR cellsDepartment of Immunology
The Scripps Research Institute can be seen to undergo such abortive activation that
is indicative of crosstolerance (Morgan et al., 1999a,10550 North Torrey Pines Road
La Jolla, California 92037 1999b).
Surprisingly, we and others have found that cross-
presentation of islet antigens does not occur in neonatal
mice (Morgan et al., 1999a; Hoglund et al., 1999). As aSummary
result, neonatal InsHA mice are not tolerant of HA and
quickly develop diabetes when immunized with influ-Memory T cells differ from naive T cells in that they
respond more rapidly and in greater numbers. In addi- enza virus. By several weeks after birth, crosspresenta-
tion of HA can be detected and the incidence of induc-tion, memory T cells are generally believed to be less
susceptible to tolerance induction than naive T cells. tion of diabetes by viral immunization gradually wanes
(Morgan et al., 1999a). Those neonates that do not dieIn this study, we show that this is not the case. Using
two different methods of tolerance induction, peptide- within the first few weeks following immunization dem-
onstrate a gradual recovery from diabetes. This led usinduced tolerance and crosstolerance, we present evi-
dence that memory CD8 T cells are as susceptible to to question the fate of the HA-specific CD8 T cells that
initiated the disease and to examine whether memorytolerance as naive cells. These results have a direct
impact on manipulating T cell responses to self-anti- CD8 T cells specific for self-antigens are subject to
tolerance.gens in order to improve immunotherapy of cancer
and autoimmune diseases.
Results
Introduction
The HA-Specific CD8 T Cell Response Gradually
The major mechanism of T cell tolerance occurs in the Wanes in Neonatal InsHA Mice
thymus, where developing T cells that respond to self- To determine the fate of HA-specific CD8 T cells in
peptide/MHC complexes with high avidity are eliminated neonatal InsHA mice, in which diabetes was induced
(Kappler et al., 1987; Kisielow et al., 1988; MacDonald by immunization with influenza virus, 2-week-old InsHA
et al., 1988). However, not every self-antigen is ex- neonates were immunized with influenza and rested.
pressed in the thymus at sufficient concentration to elim- When immunized at this age, approximately 50% of the
inate all potentially autoreactive T cells. As a result, neonates become diabetic as determined by elevated
many T cells with specificity for self-antigens escape to blood glucose, and 100% of the mice demonstrate the
the periphery. Since autoimmunity is a relatively rare occurrence of insulitis (Morgan et al., 1999a). After rest-
event, this suggests that these cells are effectively dealt ing for either 3 or 11 weeks time, the presence of HA-
with by tolerance mechanisms that exist in the pe- responsive CD8 T cells was determined by restimulat-
riphery. ing splenocytes in vitro with syngeneic, irradiated APCs
Several laboratories, including ours, have been study- that were pulsed with HA-peptide. CTL responses were
ing peripheral tolerance within the CD8 T cell compart- then measured in a standard chromium release assay
ment using transgenic models developed to promote using HA-pulsed target cells. As shown in Figure 1,
ectopic expression of a model self-antigen in the pan- spleen cells from InsHA mice that had been immunized
creatic  cells. Such studies have revealed that antigen with influenza at 2 weeks of age showed a vigorous
from the islets is transported to the draining lymph HA response 3 weeks after immunization, which was
nodes of the pancreas and presented on professional consistent with the induction of diabetes (Figure 1E).
APCs, most likely dendritic cells (DCs), to cognate naive However, by 11 weeks after immunization, reactivity to
T cells (Kurts et al., 1997a, 2001; Morgan et al., 1999a). HA was severely diminished to a level similar to what is
As the process involves crosspresentation of antigen observed in InsHA mice that first undergo immunization
by DCs, it has been referred to as crosstolerance (Heath as adults (Figures 1C, 1D, and 1F). The HA-specific CD8
et al., 1998). Those T cells with sufficient avidity for self- T cell memory responses in BALB/c animals remain the
antigen to become stimulated undergo an abortive form same over this time period (Figures 1A and 1B). These
of activation that results in apoptosis of the cell. Our results demonstrate that, although HA-specific effector
laboratory has been studying this mechanism of periph- CD8 T cells were generated in neonatal InsHA mice
eral tolerance using InsHA mice that express the hemag- and HA-specific CTLs could be stimulated in vitro 3
glutinin molecule (HA) of influenza virus under the rat weeks after immunization, no long-lived CD8 T cell
insulin promoter. These InsHA mice are tolerant of HA, memory was established in InsHA mice.
even after immunization with influenza virus (Lo et al., In our experience, CD8 T cells recovered from mice
1992). The mechanism of tolerance has been studied 3 weeks after immunization with influenza virus exhibit
a memory rather than effector cell phenotype, as based
on their level of expression of key cell surface molecules1Correspondence: lsherman@scripps.edu
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Memory CD8 T Cells Undergo Peripheral Tolerance
by Exogenous Administration of Soluble Peptide
To investigate whether HA-specific memory CD8 T
cells can be tolerized in vivo, we first addressed whether
they were susceptible to peptide-induced tolerance.
BALB/c mice were immunized with influenza virus and
rested for 3 weeks to permit development of memory
cells specific for influenza antigens. After that time, mice
were challenged with soluble KdHA peptide in PBS or
PBS alone. As a positive control, a group of influenza-
primed mice received a second immunization with a
recombinant vaccinia strain expressing the KdHA epi-
tope. Two weeks after peptide treatment, mice were
sacrificed, and splenocytes were restimulated in vitro
with APCs pulsed with either the KdHA peptide or a viral
nucleoprotein epitope, the KdNP peptide. Six days after
restimulation, cytotoxicity was determined in a standard
chromium release assay. As shown in Figure 2A, dimin-
ished HA responses were observed in mice that received
influenza virus and KdHA peptide as compared to mice
that had received influenza virus and PBS only. As an
internal control, we monitored the response to an epi-
tope present within the viral nucleoprotein (KdNP), which
remained high in all groups (Figure 2B). These results
demonstrated that HA-specific memory CD8 T cells
can undergo tolerance by administration of high concen-
trations of soluble HA-peptide antigen.
The Response of Memory CD8 Clone-4 TCR Cells to
HA Crosspresented in the Pancreatic Lymph NodesFigure 1. HA-Specific CD8 T Cell Responses Gradually Wane in
Neonatal InsHA Mice We next wished to compare the sensitivity of naive and
memory CD8 Clone-4 TCR cells to the induction ofAdult (8-week-old) BALB/c (A and B) and InsHA/ (C and D) or
neonatal (2-week-old) InsHA/ mice (E and F) were immunized with crosstolerance that occurs when the T cells are acti-
500 HAU of influenza virus. Three (A, C, and E) or eleven (B, D, vated by HA on crosspresenting DCs in the pancreatic
and F) weeks later, 7  106 splenocytes were cultured with HA- lymph nodes of InsHA mice. For these experiments we
presenting APCs, and after 6 days specific lysis was tested in a 5
made use of the Clone-4 TCR transgenic line which ishr chromium release assay, using B10.D2 targets pulsed with 25
specific for the dominant Kd-restricted HA epitope, asM KdHA peptide. Background lysis on target cells without antigen
previously described (Morgan et al., 1996). To preparewas below 15% at the highest E:T ratio. Data shows two adult and
seven neonates per group and is representative of two independent memory cells, CD8 Thy1.1/ Clone-4 splenocytes
experiments. were primarily stimulated in vitro with syngeneic irradi-
ated KdHA-pulsed APCs. After 4 days in culture the cells
were transferred into irradiated Thy1.2/BALB/c recipi-
ents, which were rested for 3 weeks to permit develop-(see Figure 3). This result suggested the possibility that
HA-specific memory CD8 T cells were becoming toler- ment of memory CD8 Clone-4 TCR cells. Effector and
memory CD8 T cells were phenotypically characterizedized in the InsHA neonates. Unfortunately, we were un-
able to detect HA-specific CD8 T cells directly ex vivo and compared to naive cells by flow cytometry using
antibodies specific for a panel of activation and memoryfrom the neonates at 3 weeks after infection and were
therefore unable to determine by phenotypic analysis if cell markers (Figure 3A). As previously described, naive
Clone-4 TCR cells are CD25lo (IL-2R), CD62Lhi (L-selec-they were effector or memory cells. The inability to de-
tect HA-specific CD8 T cells is also observed in con- tin), CD69neg, and heterogeneous in Ly-6C expression
(Cerwenka et al., 1998; Morgan et al., 1999b). After anti-ventional adult mice and is most likely due to the fact
that in H-2d strains of mice, HA is not the dominant viral genic stimulation effector Clone-4 TCR upregulate
CD25, CD69, and Ly6c and downregulate CD62L. Threeantigen. Nevertheless, the fact that the response to HA
diminished as the animals matured suggested the sur- weeks after resting in vivo, memory CD8 T cells resem-
ble the naive phenotype, except for higher expressionprising possibility that the HA-specific memory T cell
response may be subject to tolerance by the same of CD25 and Ly-6C (Cerwenka et al., 1998; Walunas et
al., 1995). The CD44 marker, which is commonly usedmechanism responsible for tolerance within the naive
repertoire. For this reason, we decided instead to di- as a memory marker is less useful on the BALB/c back-
ground, since it is expressed at high levels on naiverectly ask the question of whether memory CD8 T cells
could be tolerized by mechanisms that are capable of CD8 T cells (Budd et al., 1987).
To further confirm that the cells were bona fide mem-tolerizing naive, HA-specific CD8T cells, including pep-
tide-induced tolerance and tolerance in response to rec- ory CD8 T cells, the naive and memory populations
were compared with respect to their effector function.ognition of crosspresented antigen.
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Figure 2. Memory CD8 T Cells Can Also Un-
dergo Peripheral Tolerance by Exogenous
Administration of Soluble Peptide
BALB/c mice (8 weeks of age) were immu-
nized with 500 HA of influenza virus. Three
weeks later, primed animals were then either
immunized i.v. with 250 g KdHA peptide in
PBS (open circles), PBS only (closed circles),
or 107 pfu recombinant vaccinia expressing
the KdHA epitope (open squares). Two weeks
after peptide treatment, splenocytes were
cultured with APCs and pulsed with KdHA
peptide (A) or KdNP peptide as an internal
control (B). After 6 days, specific lysis was
tested in a 5 hr chromium release assay, using
B10.D2 targets pulsed with 25 M KdHA pep-
tide (A) or KdNP peptide (B). Background lysis
on target cells without antigen was below 5%
at the highest E:T ratio. Data show the mean
specific lysis of eight individual mice per data
point pooled from two independently per-
formed experiments.
One of the major functional differences between naive As shown in Figure 3B, memory T cells readily produced
IFN- as measured by intracellular staining, after stimu-and memory T cells is the increased and rapid produc-
tion of IFN- that can be observed in memory T cells lation with HA peptide in vitro for 6 hr. In contrast, few
of the naive T cells produced IFN-.after a brief period of stimulation with antigen (Cerwenka
et al., 1998; Cho et al., 1999; Zimmermann et al., 1999). Naive or memory CD8 Clone-4 TCR cells were la-
Figure 3. Phenotypic and Functional Analy-
sis of Naive and Memory CD8 Clone-4 TCR
Cells
(A) Naive, effector, and memory Clone-4 TCR
T cells were stained with anti-CD8-FITC ver-
sus anti-Thy1.1-PE antibodies, and each of
the following CyChrome-labeled antibodies:
anti-CD25, anti-CD62L (L-selectin), anti-
CD69, and anti-Ly-6C. Data show expression
on gated Thy1.1/CD8 T cells and are rep-
resentative of two independent experiments
with similar results.
(B) Naive and memory Clone-4 TCR T cells
were incubated with KdHA peptide for 6 hr at
37C. Cells were then stained for CD8, Thy1.1,
and intracellular IFN- and analyzed by FACS.
Data show percentage of IFN- positive cells
gated on CD8Thy1.1 cells. Data show one
out of two independent experiments with sim-
ilar results.
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Figure 4. The Response of Memory CD8
Clone-4 TCR Cells to HA Crosspresented in
the Pancreatic Lymph Nodes
5  106 purified naive CFSE-labeled
CD8Thy1.1 Clone-4 TCR cells (left panels)
or 2  106 purified memory CFSE-labeled
CD8Thy1.1Clone-4 TCR cells (right panels)
were injected into InsHA mice. As a control,
cells were also injected in normal InsHA-neg-
ative BALB/c mice (data not shown). Mice
were sacrificed 4 days after adoptive transfer,
and cells from pooled lymph nodes were ana-
lyzed by FACS. Histograms represent the
amount of CFSE label gating on CD8Thy1.1
cells. Data are representative of one out of
two independent experiments.
beled with the internal fluorescent dye CSFE and in- and tolerance induction of Clone-4 TCR cells transferred
into InsHA mice is limited by the availability of cross-jected into InsHA recipients. As shown previously, upon
encounter with crosspresented HA-antigen, naive CD8 presented antigen. As a result, we have found the rate
at which naive Clone-4 TCR cells are tolerized is slowClone-4 TCR cells become activated and undergo sev-
eral rounds of division (Morgan et al., 1999a, 1999b; and is greater in mice that are homozygous for the InsHA
transgene as compared to heterozygotes (Morgan et al.,Hernandez et al., 2001). Previous experiments demon-
strated that such activation is a prerequisite for toler- 1999b). However, even in InsHA homozygous mice, it
would take very long to achieve complete toleranceance, and the numbers of T cells activated, as well as
the rate of tolerance induction, is dependent on the when several million Clone-4 TCR cells are adoptively
transferred into the InsHA recipients. For this reason, inconcentration of self-antigen available through cross-
presentation (Morgan et al., 1999b). A unique aspect of order to detect tolerance of Clone-4 TCR cells in InsHA
mice, it is necessary to transfer small numbers of Clone-4this activation profile is that there is no accumulation of
progeny either in the pancreatic lymph nodes or at the TCR cells, too few to detect by FACS analysis. Instead,
tolerance is assessed by the elimination of Clone-4 TCRsite of antigen expression in the pancreatic islets, sug-
gesting they are tolerized (Hernandez et al., 2001). Sur- cells that can respond to influenza virus and cause dia-
betes in the InsHA recipients. 3  103 memory Clone-4prisingly, as shown in Figure 4, memory CD8 T cells
did not proliferate more vigorously than naive T cells in TCR cells were adoptively transferred into BALB/c,
BALB/c-InsHA/, and BALB/c-InsHA/ recipient mice.response to crosspresented antigen. The percentage of
dividing cells was approximately 25% in both the naive At various time points following adoptive transfer, mice
were immunized with influenza virus, and blood glucoseand memory cell response. This proliferation is antigen
specific, since it was only observed in the pancreatic levels were monitored. As shown in Table 1, memory
Clone-4 TCR cells are gradually tolerized, as measuredlymph nodes of InsHA mice and not in other lymphoid
tissue. Also, it was not observed in the pancreatic lymph by the decreased incidence of diabetes at later time
points. The incidence of diabetes decreased at a fasternodes of HA-negative BALB/c animals (data not shown).
Similar to naive CD8 T cells, dividing memory CD8 T rate in InsHA/, as compared to InsHA/. As reported
cells did not accumulate in number despite division.
Examination of the pancreas by immunohistochemistry
showed no evidence of infiltration (data not shown).
Table 1. Incidence of Diabetes among Adult BALB/c-InsHA/ andThese results indicate that upon encounter with cross-
InsHA/ Mice following Adoptive Transfer of Memory Clone-4 TCR
presented HA, memory CD8 T cells behave remarkably Thy1.1/ Cells
similar to naive CD8 T cells.
Time of Immunization after
Adoptive Transfer 0 Weeks 2 Weeks 5 Weeks
HA-Specific Memory Clone-4 TCR Cells Undergo
3  103 memoryPeripheral Tolerance, which Is Dependent on the
InsHA/ 8/8 6/8 0/8
Concentration of Transgenically Expressed Antigen InsHA/ 7/7 2/7 0/7
The preceding experiment suggested that memory 3  103 naive
CD8 Clone-4 TCR cells behave very much like naive InsHA/ 7/7 2/7 0/8
cells in response to HA that is crosspresented in the Groups of three to four adult nonirradiated InsHA/ and InsHA/
pancreatic lymph nodes. To determine whether HA-spe- mice were injected with 3  103 purified memory Clone-4 TCR
cific memory CD8 T cells undergo peripheral tolerance Thy1.1/ cells. After adoptive transfer, mice were immunized with
influenza virus at various time points as indicated, and blood glucosesimilar to naive cells in InsHA mice, we used a protocol
levels were monitored twice per week. Mice were considered dia-previously developed for determining the rate of periph-
betic when their blood glucose levels exceeded 300 mg/dl. Dataeral tolerance for naive CD8 T cells (Morgan et al.,
represent one out of two experiments with similar results.
1999b). As reported previously, the rate of activation
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form of activation and proliferation prior to tolerance
induction. For reasons that remain to be elucidated, this
process of crosspresentation of islet antigens in the
pancreatic lymph nodes does not occur until several
weeks after birth (Morgan et al., 1999a; Hoglund et al.,
1999). As a result, InsHA neonates are not yet tolerant
to HA and quickly develop diabetes in response to im-
munization with influenza (Morgan et al., 1999a). InsHA
neonates that are immunized with influenza at 2 weeks
of age often recover from diabetes and, surprisingly,
later demonstrate tolerance when immunized with influ-
enza as adults. Spleen cells from these mice are capable
of a strong HA-specific response 3 weeks after immuni-Figure 5. HA-Specific Memory Clone-4 TCR Cells Undergo Toler-
zation, a time when memory to this virus is usually found;ance in InsHA Recipients but Not BALB/c Mice
however, this ability to respond to HA was found to be3 103 memory Clone-4 TCR Thy1.1/ cells were adoptively trans-
ferred into nonirradiated Thy1.2/ BALB/c (A) and InsHA/ (B) gone when the animals reached 13 weeks of age.
recipient mice. Nine weeks later, recipients were immunized with These observations suggested that, although autore-
500 HAU of influenza virus to permit the clonal expansion and detec- active, HA-specific effector and memory CD8 T cells
tion of the Thy1.1/ CD8 Clone-4 TCR cells. Nine days after immu- were formed in influenza-primed neonatal InsHA mice,
nization, splenocytes were stained with antibodies specific for CD8
responsive cells were later tolerized. Neonates recov-and Thy1.1 and analyzed by flow cytometry. Data represent one out
ered from diabetes and insulitis were gradually clearedof two experiments with similar results.
(Morgan et al., 1999a and data not shown). By the time
these immunized mice reached 13 weeks of age, their
ability to respond to HA was greatly diminished andpreviously, this enhanced rate of tolerance is consistent
indistinguishable from that of InsHA adult mice that werewith the observed enhanced rate of activation of Clone-4
not immunized as neonates. Unfortunately, we were un-TCR cells in mice that are HA/ as compared with HA/
able to determine at which stage, effector or memory,and is due to greater expression of the HA transgene
the HA-specific CD8 T cells were tolerized. Previousby the pancreatic  cells of homozygous mice (Morgan
studies have shown that effector cells are highly suscep-et al., 1999b). In addition to the concentration of HA,
tible to tolerance induction (Bercovici et al., 2000; Ky-the time required to achieve full tolerance in InsHA mice
burz et al., 1993). However, little is known concerningalso depends on the number of HA-specific memory
the susceptibility of memory CD8 T cells to toleranceCD8 T cells that are transferred into the mice (data not
induction. Therefore, to further address this issue, weshown).
took a direct approach to determine whether memoryFurther evidence that clonal elimination is attributable
CD8 T cells are tolerance susceptible. HA-specificto the presence of HA, rather than normal T cell turnover,
CD8 memory T cells were generated using cells fromwas obtained by comparing the numbers of influenza-
Clone-4 TCR mice, and their susceptibility to toleranceresponsive memory Clone-4 TCR cells in InsHA and
induction was assessed. Two different in vivo methodsBALB/c mice at 10 weeks after they received the mem-
were selected to induce tolerance. First, influenza-spe-ory cells. As shown in Figure 5, 10 weeks after the adop-
cific memory cells were established by immunization oftive transfer of 3  103 memory cells, CD8 Thy1.1/
BALB/c mice with influenza virus. Three weeks later,Clone-4 TCR cells could be retrieved from virally in-
they were injected with a high dose of soluble peptidefected BALB/c recipient mice but not from the recipients
antigen. This is a classical method of tolerance inductionexpressing the InsHA transgene. Examination of the
that has been used successfully to tolerize peptide-pancreas by immunohistochemistry showed no evi-
specific naive CD8 T cells (Aichele et al., 1995, 1997;dence of infiltration (data not shown). This indicated that
Koniaras et al., 1997; Mamalaki et al., 1993). Such treat-
tolerance of HA-reactive memory Clone-4 TCR cells had
ment with cognate peptide has also been shown to ef-
occurred and that such tolerance was dependent on
fectively tolerize effector T cells in vivo (Bercovici et al.,
expression of HA by the recipient. 2000; Kyburz et al., 1993). We find that after administrat-
ing HA peptide, the portion of the response to influenza
Discussion virus that is specific for the KdHA peptide is eliminated;
however, there remains a vigorous response to the viral
A number of studies have demonstrated that presenta- nucleoprotein. This indicates that the HA peptide was
tion of antigen by quiescent DCs that have not been highly effective in specifically tolerizing peptide-specific
activated by inflammatory signals or CD4 T cell help memory CD8 T cells.
leads to the activation and tolerance of naive CD8 T As a second approach, we attempted to tolerize HA-
cells (Hawiger et al., 2001; Hernandez et al., 2001; Kurts specific memory CD8 T cells by the same method that
et al., 1997b; Morgan et al., 1999a). This mechanism is responsible for tolerance of HA-specific naive CD8
has been shown to be effective in tolerizing potentially T cells in InsHA mice, in other words, activation by DCs
autoreactive T cells with specificity for antigens ex- crosspresenting HA in the pancreatic lymph nodes (Mor-
pressed by pancreatic  cells. These antigens are ac- gan et al., 1999a, 1999b; Hernandez et al., 2001). CSFE-
quired and crosspresented by DCs which present them labeled memory CD8 Thy1.1 Clone-4 TCR cells were
to naive T cells migrating through the pancreatic lymph adoptively transferred into Thy1.2 InsHA mice and cells
from the pancreatic lymph nodes were examined to as-nodes. In the InsHA model, the cells undergo an abortive
Immunity
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sess their response to crosspresented HA. Surprisingly, T cells does not require recognition of B7 molecules
by the APC (Hernandez et al., 2001). This may allowtheir response looked very similar to that of naive
Clone-4 TCR cells in that the activated cells underwent nonprofessional APCs to play a role in tolerance within
the tissue. It has been shown that alloantigens ex-only a few cycles of division before they were eliminated.
Their response suggested that tolerance was induced pressed by keratinocytes in the skin directly tolerize T
cells (Alferink et al., 1998).in memory cells just as it was shown to occur in naive
CD8 T cells. This point was further assessed by de- Conflicting data exists in the literature concerning
whether or not memory T cells are susceptible to toler-termining how long it took for tolerance of 3  103 mem-
ory versus naive Clone-4 TCR cells to occur. It was ance induction (Chung et al., 1999; London et al., 2000;
Mirshahidi et al., 2001; Aichele et al., 1997; Albert et al.,determined that the rate of tolerance was essentially
identical for both cell types. 2001). Two reports suggest that memory CD4 T cells
are less sensitive to tolerance induction than naive CD4We were very surprised to find little difference in the
ability of memory and naive Clone-4 TCR cells to re- T cells (Chung et al., 1999; London et al., 2000). However,
recent data by Mirshahidi et al. (2001) suggests that itspond to crosspresented HA in the pancreatic lymph
nodes. Memory CD8 T cells are believed to differ from is possible to tolerize memory CD4 T cells by adminis-
tration of agonist peptide in vivo. The mechanism fornaive cells in numerous ways, including activation
threshold and functional avidity (Bachmann et al., 1999; tolerance in this model was anergy, as it could be re-
versed by administration of IL-2. Our observation thatCurtsinger et al., 1998; Kedl and Mescher, 1998; Pihlgren
et al., 1996, Slifka and Whitton, 2001). However, exami- HA-specific memory CD8 T cells can be tolerized by
peptide is in contrast to the results of Aichele et al.nation of the literature reveals considerable disagree-
ment on the issue of proliferative capacity. In a study (1997). In this previous study, the authors attempted to
tolerize GP33-specific memory CD8 T cells by adminis-described by Zimmermann et al. (1999), naive and mem-
ory CD8 T cells did not differ with respect to activation tration of GP33 peptide, only to find that the CD8 T
cell response to all LCMV-specific antigens was abol-threshold or rate of proliferation in vitro. In two other
studies, it was suggested that memory cells can only ished by such treatment. The authors, therefore, could
not determine whether GP33-specific memory CD8 Tproliferate faster in vitro under certain conditions, such
as in the presence of IL-2 (Pihlgren et al., 1996) or IL- cells were directly tolerized in their model. The reason
for this is unclear, but we saw no evidence of such15 (Cho et al., 1999). Similar disagreement exists in the
literature when the proliferative responses of memory immunosuppression, as the response to viral nucleopro-
tein in the influenza-primed mice remained intact (Figureand naive cells are compared in vivo. When compared
with respect to their rate of proliferation, memory cells 2B). This allowed us to demonstrate antigen-specific
tolerance of the HA-specific memory CD8 T cells. Ourseem to be able to proliferate faster to antigen as com-
pared to naive cells in immunodeficient hosts (Garcia data are in agreement with a recent report by Albert et
al. in which an in vitro tolerance model was used toet al., 1999; Veiga-Fernandes et al., 2000) but not in
normal hosts (Cho et al., 1999; Zimmermann et al., 1999). demonstrate crosstolerance using human influenza-
specific CD8 T cells, presumably memory cells (AlbertIn our results we found no difference in proliferation
between naive and memory CD8 T cells undergoing et al., 2001). In their experiment, CD8 T cells underwent
division and were subsequently tolerized through a dele-tolerance through recognition of crosspresented self-
antigen (Figure 4). Furthermore, in agreement with the tional mechanism. Our data demonstrate directly that
tolerance of memory CD8 T cells can occur in vivo.results of Zimmermann et al. (1999), we also find no
difference in the rate of proliferation of naive and mem- One issue not directly dealt with in these studies is
the mechanism responsible for tolerance induction ofory cells that are challenged in vivo by viral infection
(data not shown). the memory CD8 T cells. There are several indications
that the majority, if not all, of the activated cells undergoIt is important to note that the memory CD8 T cells
used in our experiments were spleen cells expressing deletion. First, as the cells divide in response to antigen
in the pancreatic lymph nodes they disappear after onlyhigh levels of CD62L and are therefore representative
of central memory cells as opposed to effector memory a few divisions. Also, they do not increase in number
with each subsequent division, as may be expectedcells, which remain sequestered in nonlymphoid tissue
(Masopust et al., 2001; Sallusto et al., 1999). We have during steady-state if all daughter cells were present.
This suggests that they are either eliminated or that theynot studied whether effector memory cells also undergo
peripheral tolerance induction; however, several find- migrate to other sites. As we have never been able to
detect Clone-4 TCR cells in the other lymphoid tissueings suggest this is the case. First, it has been shown
that effector cells, even those in pancreatic tissue, are or in the pancreas, we tend to favor the explanation that
they undergo deletion. However, we cannot rule out thehighly tolerance susceptible using peptide antigen (Am-
rani et al., 2000; Bercovici et al., 2000; Quinn et al., possibility that a small number of cells persists that are
either anergic or immunosuppressed. If so, the form of2001). Second, we have seen repeatedly that insulitis is
gradually cleared from the islets in influenza-infected anergy or immunosuppression is one that is sufficiently
profound such that a vigorous form of stimulation, viralneonatal InsHA mice. If these cells are tolerized, it is not
necessarily the case that they do so in response to infection with influenza, is unable to break tolerance
(Figure 5). We have also attempted to determine the fateactivation by crosspresenting APCs. Since pancreatic
 cells express both MHC class I and HA antigen, it is of the memory cells that are tolerized with high-dose
peptide. Using Thy1.1 Clone-4 TCR cells, we foundpossible that the effectors in the islets are tolerized as
a result of direct recognition of antigen on the  cells. that, as reported for naive T cells, the number of cells
increases in response to peptide and then falls sharplyWe have shown previously that tolerance of naive CD8
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over the course of the next few weeks (data not shown). tive CD8 T cells that undergo peripheral tolerance. In-
Importantly, the cells that remain after peptide-induced deed, the only difference we could find was that the
tolerance are not able to respond to influenza virus (Fig- activated memory cells are capable of producing IFN-
ure 2). soon after activation. However, as very few cells are
Our results have direct bearing on how autoimmunity activated by antigen at one time, this had no deleterious
may normally be avoided even if autoreactive T cells effect on the host. Upon encounter of self-antigen cross-
inadvertently become activated, such as through cross- presented by a professional APC, both memory and
recognition of antigen expressed by a pathogen. In such naive CD8 T cells undergo abortive activation and di-
a situation there may be activation of a small number vision.
of autoreactive cells that have not yet had an opportunity
Experimental Proceduresto undergo tolerance, such as the HA-specific T cells
present in InsHA neonates. However, once the pathogen
Miceis cleared, self-tolerance would be allowed to resume
BALB/c mice were purchased from the breeding colony of The
and the previously activated anti-self T cells, now mem- Scripps Research Institute (TSRI). InsHA and Clone-4 TCR trans-
ory cells, would still have an opportunity to undergo genic mice, which express a TCR specific for the dominant Kd-
tolerance induction. In a situation where inflammation restricted epitope of the A/PR/8/34 (H1N1) strain of influenza, were
generated and characterized as previously described and bred ontois chronic, such as autoimmune diabetes in nonobese
the BALB/c background for at least ten generations (Lo et al., 1992;diabetic (NOD) mice, and the repertoire contains a large
Morgan et al., 1996). Clone-4 TCR mice were also backcrossed withnumber of autoreactive CD4 T cells (Kaufman et al.,
Thy1.1/ BALB/c for two generations to achieve homozygosity for
1993; Tisch et al., 1993), peripheral tolerance of both Thy1.1. All mice were bred and maintained under specific pathogen-
autoreactive naive and memory CD8 T cells might be free conditions in The Scripps Research Institute vivarium. All exper-
prevented and would contribute to autoimmune de- imental procedures were carried out according to the guidelines
laid out in the NIH Guide for the Care and Use of Laboratory Animals.struction.
It is still not definitively known which antigen-present-
Cell Linesing cell is responsible for tolerance induction by cross-
The SV40-transformed H-2d cell line, B10.D2, was maintained inpresentation of self-antigen. Recently, it has been
RPMI 1640 medium (Life Technologies, Gaithersburg, MD) supple-
shown that dendritic cells are sufficient to crosspresent mented with 10% (v/v) heat-inactivated fetal calf serum (Gemini Bio-
self-antigen in vivo (Kurts et al., 2001). More specifically, Products, Calabasas, CA), 2 mM glutamine (Life Technologies), 5 
the CD8CD11c lymphoid-derived dendritic subset 105 M -mercapto-ethanol (Sigma, St. Louis, MO), and 50 mg/ml
gentamycine (Gemini Bio-Products). Cells were cultured in a humidi-has been identified as the crosspresenting APC (Den
fied incubator at 37C with 5% v/v CO2 and were used as targetsHaan et al., 2000). Whatever the nature of the cross-
in CTL assays. This line was originally obtained from Dr. Barbarapresenting antigen-presenting cell, our data suggest
Knowles (University of Pennsylvania, Philadelphia).
that this subset has the ability to tolerize both naive and
memory CD8 T cells, most likely through the same Peptide
mechanism. Hemagglutinin and nucleoprotein influenza virus A/PR/8/34 (H1N1)
peptides (IYSTVASSL and TYQRTRALV, both restricted by H-2Kd)Since tolerance induction in InsHA mice is dependent
were synthesized by the core facility of TSRI using an Applied Bio-on crosspresentation of self-antigen, our data suggest
systems model 430A synthesizer (Foster City, CA). Purity wasthat long-lived anti-self memory responses cannot be
greater than 85%, as determined by mass spectrometry and reversegenerated against self-antigens that are efficiently being
phase HPLC analysis on a Vydac C18 column (Hesperia, CA).crosspresented. This data would predict that the only
long-lived memory cells that could be generated in re- Virus
sponse to a self-antigen would be those against self- Influenza virus A/PR/8/34 H1N1 (PR8) was grown in the allantoic
cavity of 10- to 11-day-old hen’s eggs. Upon isolation, the allantoicantigens that are not crosspresented and therefore ig-
fluid was titered for hemagglutination using chicken RBC and storednored by the T cells (Ohashi et al., 1991; Oldstone et
at 70C. Recombinant vaccinia virus expressing the H-2Kd-al., 1991) or by T cells that are too low of an avidity to
restricted epitope IYSTVASSL, amino acid residues 518–526 (Vac-be activated by the crosspresented antigen (Bouneaud
KdHA), was kindly provided by Jack R. Bennink and Jonathan Yew-
et al., 2000; De Visser et al., 2000; Hernandez et al., dell from the National Institutes of Health.
2000; Nugent et al., 2000; Sandberg et al., 2000). This
has important implications for development of vaccines Generation of CTLs
Mice were injected i.p. with 500 HA units of influenza virus A/PR/to tumor antigens. Many tumor antigens are also ex-
8/34 in the form of allantoic fluid. Three weeks later mice werepressed on nontransformed tissue. Our results suggest
sacrificed, and responder splenocytes were seeded into 24-wellthat it may not be possible to maintain high avidity,
tissue culture plates at 7  106 cells/well in 1 ml complete RPMI.tumor-specific memory T cells, as they may be tolerized
APC splenocytes were irradiated (3000 rad) and then pulsed for 1
through exposure to self-antigen, as has been shown hr with 5 nM KdHA peptide in a humidified incubator at 37C with
for naive T cells (Marzo et al., 1999). Future experiments 5% v/v CO2. After washing three times in complete RPMI to remove
will examine this point in greater detail. unbound peptide, 1 ml containing 6  106 cells/well was added to
the responder splenocytes and cultured in a humidified incubatorIn conclusion, we show, using two different tolerance
at 37C with 5% v/v CO2.regimens, that memory CD8 T cells are as susceptible
to tolerance as naive cells. Memory CD8 T cells can
Cytotoxicity Assayeither undergo peripheral tolerance by exogenous ad-
Target cells were prepared by incubating B10.D2 cells at 37C with
ministration of soluble peptide or through a mechanism 200 Ci of sodium 51chromate (NEN, Boston, MA) for 1 hr in the
that requires crosspresentation of self-antigen by APCs. presence or absence of 25 M of KdHA peptide, as indicated. Target
Mechanistically, this latter process is very similar to what cells were washed four times, resuspended in complete RPMI, and
seeded into 96-well plates at 1  104 cells/well in 100 l. Effectorwas previously observed for naive potentially autoreac-
Immunity
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